Background: There are no reliable markers of malignancy in phaeochromocytomas (PCC) and paragangliomas (PGL). We investigated the relevance of the mammalian target of rapamycin (mTOR)/AKT and hypoxic pathways as novel immunohistochemical markers of malignancy.
Phaeochromocytomas (PCC) and paragangliomas (PGL) are rare neuroendocrine tumours of chromaffin origin arising, respectively, from the adrenal medulla (80% of cases) or sympathetic nervous system ganglia (20%), with an estimated incidence of 1 case per 300 000 inhabitants per year (Manger and Eisenhofer, 2004; Gimm et al, 2012) . Symptoms and signs of catecholamine excess such as hypertension, tachycardia, headache and anxiety are the key presenting features. In some cases, PCC/ PGL can lead to potentially life-threatening consequences such as heart failure, myocardial infarction, arrhythmias or stroke (Reisch et al, 2006) .
At least 25% of PCC and PGL arise in the context of welldefined hereditary tumour syndromes due to germline mutations in specific susceptibility loci, such as succinate dehydrogenase (SDH) subunits B, C and D; von Hippel-Lindau (VHL), neurofibromatosis type 1 (NF-1) and RET (Gimenez-Roqueplo et al, 2008) . However, the proportion of hereditary tumour syndromes is likely to expand as a result of novel pathogenic genes and mutations being discovered, such as TMEM127, MAX, SDHAF2 and SDH-A (DeLellis et al, 2004) .
Although PCC/PGLs are generally regarded as benign in at least 80% of cases, a significant proportion are malignant, and there are no proven effective markers or methods to assess the risk of recurrence or to identify malignancy a priori (Harari and Inabnet, 2011) . Recurrence is unpredictable, potentially occurring months to years after surgery (Allibhai et al, 2004) . The presence of lymphatic, visceral or bone spread at diagnosis or at disease recurrence represents the only reliable feature of true malignant behaviour (Gao et al, 2008) . As a result, all patients with PCC/PGL require intensive and expensive follow up after surgical excision to identify signs of recurrence. This is by means of periodic clinical assessment, biochemical evaluation for excessive catecholamine or metanephrine secretion and serial cross-sectional imaging, preferably with modalities that do not utilise radiation (Petri et al, 2009) . Unlike other tumours, the diagnosis of malignant PCC/PGL disease is not aided by histopathological analysis: cyto-architectural features of the tumour cells, as well as the presence of traditionally adverse pathological features such as capsular invasion, vascular invasion or necrosis are of doubted prognostic value in this context. Even in malignant cases, the proliferating fraction may not exceed 2% of the whole tumour mass (Thompson, 2002) , hence reducing the reliability of Ki-67 as a discriminator of malignancy. Moreover scoring methods for predicting malignant behaviour are not entirely reproducible (Agarwal et al, 2010) and lack correlation with genotype (Eisenhofer et al, 2012) .
Genetic analysis, although useful, only gives partial information for risk stratification: for example, although it is known that SDH-B mutation carriers (representing up to 7% of the patients presenting with PCC/PGL disease) will suffer from a higher lifelong chance of recurrence or malignant dedifferentiation than compared with other paraganglioma syndromes (Brouwers et al, 2006) , the course of the disease can still be highly variable with some mutation carriers presenting with highly aggressive and malignant disease, and others presenting with indolent or even no detectable disease (Gimenez-Roqueplo et al, 2006; Srirangalingam et al, 2008) .
Genome-wide expression profile studies have shed some light upon the pathophysiology of PCC/PGL. VHL-and SDH-related tumours (dubbed Cluster 1) do not share the same transcriptomic signature with RET-and NF-1-related PCC/PGL (so-called Cluster 2). Sporadic tumours with no known germline mutations can cluster with either group. Tumours falling into Cluster 1 appear to be primarily driven by pseudo-hypoxic signals, whereas those in Cluster 2 PCC/PGL are associated with a dysregulation of the mammalian target of rapamycin (mTOR) pathway (Dahia et al, 2005) . It is unclear at present if the clustering of these expression profiles could be useful to identify the risk of malignancy and therefore optimise the post-surgical care pathway of patients with PCC/PGL.
The investigation of the malignant phenotype is particularly limited by the lack of validated immortalised human cell lines as well as the lack of pre-clinical in vivo models of malignant PCC/ PGL. Tissue biomarkers are therefore the only viable option to enable a better characterisation of malignancy, improve its earlier detection and potentially to identify pathways amenable to systemic treatment.
We therefore designed the present study in order to elucidate the role of mTOR and hypoxic pathway biomarkers in the histopathological identification of malignancy in PCC/PGL, to evaluate their distribution across the different familial PCC/PGL syndromes and to correlate tissue expression of these biomarkers with common clinico-pathological features.
PATIENTS AND METHODS
Patient characteristics. A total of 100 consecutive patients who received surgical treatment for PCC or PGL at Imperial College Healthcare NHS Trust between 1983 and 2011 were included. Formalin-fixed, paraffin-embedded specimens and matching haematoxylin and eosin (H&E) slides were retrieved from the local pathology archive. All the diagnostic H&E sections were reviewed to confirm the diagnosis and to ensure the accurate identification of the relevant pathological features, with examination of at least five sections per case, depending on the abundance of the sampled material at the time of diagnosis.
Complete clinical and follow-up information, including patient demographics, tumour size and stage at diagnosis, and site of presentation were retrieved by review of medical records. The presence of adverse pathological features, such as vascular and capsular invasion, and the presence of coagulative necrosis were identified following H&E slide review by a board-certified endocrine pathologist (RD), blinded to clinical outcomes. Patients were categorised according to the catecholamine secretory pattern of their tumour (adrenaline, noradrenaline, dopamine) depending on the results of at least three different measurements of their 24 h urinary catecholamine excretion. Malignancy was identified either by the presence of metastatic spread to lymph nodes or visceral sites either at the time of diagnosis or during follow up.
Genetic testing for the major PCC/PGL susceptibility genes (SDH-B, D, VHL and RET) was offered, from the year 2005, to patients whose age at diagnosis was o40 years as per local standard of care (Gimenez-Roqueplo et al, 2006) . NF-1 syndrome was diagnosed from phenotypic criteria. For the purpose of our study, we identified those tumours arising in patients testing negative to germline mutations in PCC/PGL susceptibility genes (n ¼ 16) as sporadic. We included in this subgroup another 19 patients diagnosed before 2005 (i.e. before genetic screening was generally available) with sporadic disease based on clinical criteria: unilateral PCC, lack of family history for syndromic PCC/PGL disease and age at diagnosis 440 years.
As negative controls, we included 20 adrenal medulla specimens obtained from adrenalectomies performed for purposes unrelated to primary adrenal disease. Tissue microarrays (TMAs) and immunohistochemistry. After review of H&E-stained sections, three 1 mm cores were identified from the most representative areas of the tumour tissue, then reembedded into recipient TMA blocks using an MTA-1 Manual Tissue Microarrayer (Beecher Instruments, Sun Prairie, WI, USA). Normal adrenal medulla controls were processed using the same method. In all, 5-mm thick TMA sections were de-paraffinized in xylene and rehydrated in graded alcohols. Optimal heat-mediated antigen retrieval conditions were applied according to the primary antibody using a microwave oven at 900 W. Incubation in citrate buffer at pH 6.0 for 20 min was preferred for antibodies to mTOR (Cat. Nr. 2983, Cell Signaling, Hitchin, UK), VEGF-A (Cat. Nr. Sc-152; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), Hif-1a (Cat. Nr. Ab8366 AbCam, Cambridge, UK), Ki-67 (Clone MM1, Leica Microsystems, Milton Keynes, UK) and AKT (Cat. Nr. 4685, Cell Signaling), whereas antibodies to CaIX (Cat. Nr. NB100-417, Novus Biologicals, Cambridge, UK) were incubated in pH 9.0 EDTA buffer for 30 min. Before immunostaining, slides were cooled to room temperature and endogenous peroxidase activity was suppressed by incubation with a 3% solution of H 2 O 2 for 5 min. The primary antibody against total mTOR was incubated at a 1 : 50 dilution, Ki-67 was diluted to 1 : 800, whereas all the other antibodies were used at a 1 : 1000 dilution.
TMA slides were then stained with a fully automated procedure on a Bond Max Autostainer (Leica Microsystems) using the Polymer-HRP system (BioGenex, Fremont, CA, USA) with subsequent development in diaminobenzidine and Mayer's haematoxylin counterstaining. Appropriately selected tissue sections were used according to the manufacturer's instruction as external positive controls during each reaction. Negative control reactions were performed omitting the primary antibodies from the dilution buffer. This resulted in a complete absence of staining in all cases. Two trained histopathologists (NN, MV) blinded to the clinical data scored all the cases and a consensus score was reached in any case of discrepancy. Tissue samples were scored using the immunohistochemical score (IHS), as described previously (Dhillon et al, 2010) . Briefly, each sample can be assigned an IHS ranging from 0 to 300, based on the multiplication of the percentage of cells showing immunohistochemical expression (0-100) by the intensity of the signal (graded 1-3). Every core was assessed individually and the mean of three readings was calculated in each case. The pattern of staining (cytoplasmic, membranous, nuclear, diffuse) was also described in each case. An IHS cutoff value of Z150 was used to discriminate high versus low expression, as described previously (Bowman et al, 2002) .
Statistical analysis. Pearson's w 2 or Fisher's exact tests were used to investigate any significant associations between categorical variables as appropriate. Differences in medians were assessed using the Mann-Whitney U Test or the Kruskal-Wallis test as appropriate. Associations and differences in medians were conventionally considered statistically significant when the resulting p value was o0.05. Binomial multivariate logistic regression analysis was carried out to identify independent predictors of malignancy: a stepwise backward procedure was used, and variables with a p value 40.10 were removed from the model. The accuracy of each tested biomarker in discriminating the metastatic phenotype was estimated using area under the curve in receiver operating characteristic (ROC) curve analysis. Statistical analysis was performed using SPSS statistical package version 19.0 (IBM SPSS Inc., New York, NY, USA) and GraphPad Prism 5.0d (GraphPad Software, La Jolla, CA, USA).
RESULTS
Clinical Demographics. A summary of the clinicopathological features describing our patient cohort is provided in Table 1 . The 100 patients included in our study were followed up for a median interval of 3 years from the time of diagnosis (range 6 months-30 years). Radiologically or histologically proven malignancy was identified in 10 patients: 3 patients had metastatic disease at presentation, whereas 7 developed malignant recurrence during follow up. The median age at diagnosis was 40 years. Eighty percent of patients had evidence of catecholamine secretion at diagnosis. Median tumour size was 4.7 cm (range 1-14 cm). A total of 29 patients were confirmed to have syndromic PCC/PGL following genotype analysis, with 9 patients testing positive for germline mutations in SDH-B, 2 for SDH-D, 3 for VHL, 2 for NF-1 and 13 for RET. The distribution of genotypes across metastatic cases was as follows: three were sporadic (negative for all the mutations tested), two patients tested positive for mutations in SDH-B, one for SDH-D, one for VHL and one for NF-1. In another two patients, genotype data were unavailable: in one case the age at diagnosis was 37 years (hence making inherited PCC/ PGL disease potentially plausible), whereas in the second patient the age at diagnosis was 73 years, making the possibility of having inherited PCC/PGL disease less likely. All the patients received surgery as the primary treatment for their tumour. This was followed by external beam radiotherapy or systemic chemotherapy in six and two cases, respectively, of malignant recurrent disease. Iodine-131-meta-iodobenzylguanidine therapy was administered in four cases.
Relationship between the expression of the candidate biomarkers and patient characteristics. The expression of the candidate biomarkers in benign, metastatic tumours and normal adrenal medulla controls is reported in Figure 1 . Representative sections of PCC/PGL stained for each biomarker are shown in Figure 2 .
In PCC/PGLs, IHS values for Hif-1a ranged from 0-300 (median 120, mean 107), and 35% were categorised as showing high expression (defined as IHS X150). Both nuclear and cytoplasmic positivity were taken into account owing to the cytoplasmic positivity previously observed in PCC/PGL (Favier et al, 2009) . Elevated Hif-1a expression with IHSX150 was associated with the presence of tumour necrosis (P ¼ 0.01) and higher CaIX expression (Po0.001). Normal adrenal medulla cores displayed a significantly lower expression of Hif-1a compared with PCC/PGL (median 62, mean 55, range 0-100, Po0.001).
The median CaIX IHS was 76 (mean of 78, range 0-300), with 26% of the tumours demonstrating high expression of CaIX. CaIX expression was also more commonly seen in PGL compared with PCC (P ¼ 0.03) and absent in healthy normal adrenal medulla controls (Po0.001). Both membranous and cytoplasmic staining were observed, with a predilection for strong membranous staining (IHS 300) in all the three patients with VHL-related PCC (P ¼ 0.03; Figure 2C ). Matching adrenal medulla from the same VHL patients was available in two cases and did not express CaIX in both cases ( Figure 2D ). A fourth case of VHL-PCC was included to validate our findings and showed again strong membranous staining, whereas matching normal adrenal medulla displayed weak cytoplasmic staining. None of the VHL mutant tumours displayed convincingly different histological features exclusive to the VHL genotype (Koch et al, 2002) .
The expression of mTOR and AKT was exclusively cytoplasmic and found to be elevated in only 5% of the cases. mTOR median IHS was 0 (mean 33, range 0-300) and median AKT IHS was 0 (mean 28, range 0-250). Normal adrenal medulla did not express both markers (Po0.001). The median VEGF IHS was 200 in PCC/PGL (mean 178, range 75-275), with 64% of the tumours showing high VEGF expression. A significantly lower degree of VEGF expression was noted in normal adrenal medulla samples (median 91, mean 84, range 0-220, Po0.001).
The expression of Ki-67 was described as being o2% in all cases of PCC/PGL except for a single malignant tumour at 10%. All the normal controls were Ki-67 negative.
The differential expression of the tested biomarkers in sporadic cases of PCC/PGL (n ¼ 35) and across the diverse genotypes of inherited PCC/PGL disease is reported in Figure 3 . 'Cluster 1' tumours from patients with known mutations in SDH-B, D and VHL genes (n ¼ 14) were grouped together, whereas 'Cluster 2' included tumours from patients with NF-1 and RET PCC/PGL (n ¼ 15). Cluster 1 tumours had significantly higher Hif-1a expression (median 170, mean 150, range 90-200) than Cluster 2 tumours (median 70, mean 70, range 0-200, P ¼ 0.01). CaIX was also significantly upregulated in Cluster 1 tumours (median 200, mean 170, range 0-300) as opposed to Cluster 2 tumours (median 0, mean 30, range 0-170, P ¼ 0.004). By contrast, VEGF expression was high in both Cluster 1 (median 200, mean 210, range 100-300) and Cluster 2 tumours (median 180, mean 190, range 100-300, P ¼ 0.81; Figure 3A ).
Clinico-pathological predictors of metastatic spread. Hif-1a emerged as the only biomarker to be significantly upregulated in metastatic (median IHS 200, range 0-266) as opposed to benign tumours (median IHS 100, range 0-300, P ¼ 0.02). The relationship between clinical variables and metastatic phenotype is reported in Table 2 , where Hif-1a overexpression (P ¼ 0.007) together with tumour necrosis (P ¼ 0.001), tumour size 45 cm (P ¼ 0.05), capsular (P ¼ 0.02) and vascular invasion (Po0.001) emerged as statistically significant univariate predictors of metastatic spread.
Multivariate logistic regression analysis confirmed Hif-1a overexpression (odds ratio (OR) 9.8, 95% confidence interval (CI) 1.0-121.0, P ¼ 0.06), tumour necrosis (OR 6.0, 95%CI 1.0-47.0 P ¼ 0.06) and vascular invasion (OR 65.0, 95%CI 5.6-748.0 Po0.001) as being independent predictors of metastasis in our data set. Tumours displaying vascular invasion were significantly bigger in size (median 7.0 cm, range 5-10) compared with those that did not (median 4.5 cm, range 1-14, P ¼ 0.03).
As shown in Figure 4 , when comparatively tested with the other tissue biomarkers using ROC curve analysis, Hif-1a overexpression with IHSZ150 emerged as the most accurate immunomarker in the prediction of metastatic behaviour with an area under the ROC curve value of 0.74 (95%CI 0.57-0.91, P ¼ 0.02), where 1.0 denotes a perfectly discriminatory test and 0.5 denotes a non-discriminatory test.
DISCUSSION
Identification of the molecular pathways driving the malignant phenotype remains elusive in PCC/PGL. Despite an increasing number of published studies attempting to qualify novel predictors of malignancy, no tissue biomarker has, to date, been implemented in the routine post-surgical follow up of patients with PCC/PGL (Ahlman, 2006) . In fact, because of the contradictory conclusions arising from some of these studies, the true clinical value of most biomarkers remains controversial.
In this study, we have assembled a large series of PCC/PGL tumours, with clinical and genotype data, together with normal adrenal medulla samples as a control. We utilised TMA technology to efficiently and uniformly probe and investigate the immunohistochemical expression of key candidate biomarkers of malignancy. In our quest for molecular determinants of malignancy, we ) shows the distribution of the tested biomarkers across sporadic and familial PCC/PGL. In panel (B), syndromic cases are grouped by 'transcriptomic cluster' as described by Dahia et al (2005) . The distribution of IHS values across the various categories are presented as medians ± interquartile ranges. Statistically significant differences in medians across the tested groups are marked with asterisks as per Figure 1 . focused on five candidate biomarkers for which a predominant pathogenic role had been previously explored in PCC/PGL, either as hallmarks of hypoxia and angiogenesis such as Hif-1a and its downstream effectors CaIX and VEGF or as markers of unrestrained proliferative potential involving activation of the mTOR and AKT pathway (Gao et al, 2008) . We found that the extent of activation of the hypoxic response as measured by Hif-1a immunoreactivity is a prognostic trait that qualifies metastatic behaviour in primary PCC/PGL tissue independently from other adverse histological features, such as capsular invasion or tumour volume.
More importantly, Hif-1a expression, necrosis and the presence of vascular invasion outperformed Ki-67 expression as predictors of metastasis in our study, suggesting that malignant progression of PCC/PGL can act independently from tumour proliferation. This finding holds major implications for the management of PCC/PGL as treatment decisions and follow-up intervals are often based on tumour cell proliferation rate and confirms the previously reported inability of Ki-67 expression to identify malignancy (Strong et al, 2008) .
Moreover, the lack of independent prognostic power found for some of the histological features that are traditionally thought to predict an adverse course of the disease may limit the reliability of histopathological scores such as the Kimura index (Kimura et al, 2005) that incorporates proliferation count as well as extracapsular spread as parameters to stratify post-surgical risk of malignant progression.
Inconsistent results have also emerged as to the role of vascular invasion and necrosis in prognosticating malignancy, with one study reporting vascular invasion as being the only significant prognostic factor between the two (Gao et al, 2008) , while another study reported diametrically opposed results, with necrosis being more predictive of malignancy (Strong et al, 2008) . However, genotype subclassification was not reported in either study, which may, at least in part, explain the different conclusions reached by the authors.
Hif-1a, a master regulator of the hypoxic response, is pivotal in orchestrating the transcriptional programmes for cell proliferation, angiogenesis and extracellular matrix remodelling (Giatromanolaki and Harris, 2001) . In PCC/PGL, Hif-1a stability is greatly increased as a result of inactivating mutations in the mitochondrial tumour-suppressor genes such as SDH subunits, whose disruption ultimately results in impaired Hif-1a hydroxylation (Gottlieb and Tomlinson, 2005) . Hif-1a stabilisation is also typical of VHLrelated PCC, where pVHL deficiency reduces the clearance of Hif1a through the ubiquitin-proteasome pathway. In one described case, a mutation in the prolyl hydroxylase gene PHD2, which hydroxylates Hif-1a and designates it for destruction, has been associated with congenital erythrocytosis and the development of a paraganglioma (Ladroue et al, 2008) . Hif-1a stabilisation, by whichever mechanism, leads to unopposed activation of the hypoxic response genes in a phenomenon termed pseudohypoxia (Kim et al, 2010) . This is not the first report to suggest that Hif-1a-driven expression of target genes involved in the angiogenic response such as VEGF may be involved in the progression of PCC/PGL in vitro and in vivo (Middeke et al, 2002; Takekoshi et al, 2004) . Previous studies have documented an association between VEGF expression and malignancy after gene expression profiling of a very small case series comprising only 20 cases, with 9 malignant tumours (Favier et al, 2002) , and another used immunohistochemistry of paraffinembedded samples in a single-centre, retrospective study of 105 tumours, only 8 of which were malignant (Salmenkivi et al, 2003) . This observation, therefore, lacks independent validation, a process that is mandatory in order to fully assess the clinical applicability of any given prognostic biomarker (Wagner and Srivastava, 2012) . Our study confirms VEGF to be significantly overexpressed in PCC/PGL compared with normal controls; however, the lack of a significant difference in VEGF expression between benign and malignant phenotypes leads us to conclude that VEGF overexpression is associated with tumorigenesis but not necessarily with malignancy.
We infer that the association of Hif-1a expression with malignancy may be independent of VEGF expression. In our study, Hif-1a-positive tumours displayed a significant upregulation of CaIX expression, a transmembrane enzyme believed to confer survival advantage to proliferating tumour cells through its protective effect against intracellular acidosis (Swietach et al, 2007) . Although CaIX was not associated with malignancy in our study, we speculate whether its expression, which is largely dependent upon Hif-1a transcriptional activity (Kaluz et al, 2009 ) could, at least in part, be responsible for the downstream pro-oncogenic effects of Hif-1a, a hypothesis that warrants exploration in mechanistic studies.
It is known that the mTOR/AKT and pseudohypoxic molecular pathways interact in several tissues (Majumder et al, 2004) , but the extent of interaction between hypoxia and mTOR signalling in promoting malignant transformation has not been previously tested in PCC/PGL. In our study, we found a relatively low level of mTOR protein expression in sporadic tumours and across the various types of inherited PCC/PGL disease, with a relatively higher degree of expression in SDHx-associated tumours. mTOR expression is therefore not restricted to tumours with preserved mitochondrial function but is also present in pseudohypoxic PCC/PGL, therefore suggesting cross-talk between the two pathways. Interestingly, our data prove that mTOR is not upregulated as a result of malignant de-differentiation. Notably, the treatment of malignant PCC/PGL with mTOR inhibitors has been unsuccessful (Druce et al, 2009) , possibly because of the preferential activation of the mTORC-2 complex in a subset of tumours (Favier et al, 2009 ). As we only focused on total mTOR protein, we are unable to delineate the role of the m-TOR interacting proteins in PCC/PGL, a point that warrants further investigation in future studies. Likewise, we found that AKT overexpression is not typical of malignant PCC/PGL, confirming the findings of a previous smaller study (Fassnacht et al, 2005) . We also analysed the expression of our candidate biomarkers with respect to genotype (familial syndromes vs sporadic). We found that the expression of hypoxic response genes such as Hif-1a and CaIX is greater in tumours associated with a pseudohypoxic aetiology (Cluster 1) in contrast to those associated with mTOR dysregulation (Cluster 2), consistent with the 'cluster' pathogenic hypothesis (Nolting & Grossman, 2012) (Figure 3B ). We observed upregulation of Hif-1a in some sporadic tumours ( Figure 3A) , suggesting that the role of pseudohypoxia in the pathogenesis of PCC/PGL is not restricted to tumours with genetically driven mitochondrial dysfunction and again consistent with the findings of Dahia et al (2005) who showed that sporadic tumours may cluster with either 1 or 2. Interestingly, our data also show that VEGF expression is not influenced by genotype or transcriptomic cluster, suggesting that PCC/PGL tumour cells may upregulate VEGF even when pVHL or SDH function is intact, and that perhaps VEGF expression is part of a final common pathway for the pathogenesis of PGL/PCC of all aetiologies.
A perhaps more interesting finding holding potential diagnostic implications comes from the observation that all VHL-related PCC, but not matching adrenal medulla from the same patients, displayed strong membranous CaIX staining, a peculiar pattern that was not replicated in other cases, where a granular cytoplasmic staining was seen. It is also notable that the normal adrenal medulla in the same patients did not demonstrate this staining. Based on this finding we hypothesise that a membranous CaIX expression pattern may be a distinctive feature of VHL PCCs. CaIX immunostaining could be prospectively included in an algorithm ( Figure 5 ) to guide genetic testing, similar to the concept that has been advocated for SDH-B and -A immunohistochemistry tests (Gill et al, 2010; Korpershoek et al, 2011) . This is of importance in VHL subtype 2C patients who tend to develop PCC in the absence of other features of VHL disease. In this particular subpopulation, VHL disease can remain undiagnosed, with up to 11% of apparently sporadic PCC actually harbouring germline VHL mutations, 13% of which occur de novo (Brukamp and Haase 2006) . Even when familial origin is suspected, such as in the case of bilateral presentation of PCC, pathological features which suggest a specific aetiology to the disease are desirable to differentiate VHLrelated tumours from RET-and NF-1-related tumours (Koch et al, 2002) . Further validation of this finding's diagnostic performance is required in a larger series of VHL-associated PCC/PGL, before CaIX can enter the clinical arena especially in light of a previously published report showing that CaIX may be differentially expressed in a small series of VHL mutant tumours (Blank et al, 2010) .
Our study is limited by its single-centre, retrospective design and by the relatively small sample size utilised, where only 10 metastatic cases were represented. Qualification of prognostic markers should be ideally carried out in prospectively collected cohorts, with equal representation of benign and malignant phenotypes. The rarity of PCC/PGL and particularly of malignant cases, however, makes this unfeasible in practice. A relatively small sample size and under-representation of malignant disease are common traits to almost all studies focusing on biomarkers of malignancy in PCC/PGL; however, this study is not inferior in power to the majority of previously published ones, where the proportion of malignant cases was at best 15% (Salmenkivi et al, 2001; Strong et al, 2008; Blank et al, 2010) . As a consequence of the acknowledged limitations, our results should be interpreted as exploratory, and a process of external validation of our findings using an independently collected cohort is warranted before our prognostic model can be applied in the clinic.
Among the potential confounding factors influencing our analysis, it is arguable that the over-representation of SDHx mutant tumours amid the malignant cases, where Hif-1a activity would be expected to be increased as a result of the underlying mitochondrial dysfunction characterising these tumours, could have contributed to the association between high Hif-1a expression and malignancy, therefore biasing our observations. However, subanalysis of the genotype proves that SDHx mutations, although the most prevalent, were not the exclusive aetiology of the metastatic cases included in our cohort. Moreover, in a previous study by Blank et al (2010) only 1 of the 5 cases of familial SDHB exhibited positive HIF-1a staining, supporting our contention that HIF-1a expression is not a universal feature of SDHx disease.
In our study, we did not focus on Hif-2a, a larger isoform that shares substantial structural and functional homologies with the cognate transcription factor Hif-1a, including the common transcriptional control of VEGF (Loboda et al, 2010) . However, some of the downstream effects of Hif-2a can differ substantially from Hif-1a, including promotion of cell-cycle progression through c-Myc stabilisation and cyclin D1 expression (Covello et al, 2006) . Hif-2a is expressed in PCC/PGL, with a predominance in VHL-driven tumours as opposed to SDH-deficient ones (Pollard et al, 2006) . The complex functional interplay between the two Hif isoforms has not been fully elucidated in PCC/PGL and, due to the intimate relationship between Hif-2a and cell-cycle regulation, warrants further investigation in the context of malignant transformation.
Despite the acknowledged limitations and the exploratory nature of our findings that indeed require further validation, some conclusions may be drawn from our study. Firstly, patients with low Hif-1a expression, lack of necrosis and vascular invasion could be offered a less stringent follow up, allowing for the provision of a more personalised pathway of care. Secondly, our findings may guide drug development for PCC/PGL towards anti-angiogenic strategies, now further enriched by the availability of direct Hif-1a- (Semenza, 2007) and CaIX-targeted inhibitors (Zatovicova et al, 2010; Lavecchia et al, 2011) . Thirdly, our insights regarding membranous CaIX expression as a specific marker of VHL-related PCC may further streamline the process of genetic testing for inherited PCC/PGL disease, contributing to a more judicious use of scarce resources.
